Multiple imaging methods are available to help lateralize temporal lobe epilepsy (TLE). To minimize the requirement for intracranial electrodes and to localize the epileptogenic zone with increased confidence, 2-[ '*F]fluoro-2-deoxy-~-glucose positron emission tomography (FDG-PET) and magnetic resonance imaging (MRI) are used to provide confirmatory localizing information. Relative temporal lobe (TL) hypometabolism on FDG-PET and hippocampal atrophy or prolonged T2 signal on MRI predict reliably lateralization of the epileptogenic temporal lobe [l-51. Localized TL hypometabolism on FDG-PET is reported to be more sensitive than the detection of lateralized abnormality on MFU [3]; however, little has been published on the direct comparison of FDG-PET to advanced MRI and magnetic resonance spectroscopic imaging (MRSI) techniques. Gaillard and colleagues [6] Patient selection commenced in April 1994 as part of a prospective imaging project with PET and MRSI at University of California, San Francisco (UCSF). Informed consent was obtained from all subjects according to guidelines of the UCSF Committee on Human Research. All surgical candidates suspected to have seizures arising from the TLs between April 1994 and June 1995 were screened for selection. After scalp-sphenoidal EEG/video telemetry, 36 patients were suspected to have TLE. Subdural strip EEG (n = 7) and stereotactic implanted depth electrode EEG (SEEG) (n = 3) was performed in patients with nonlocalizing scalpsphenoidal EEG. The approach to investigation with scalp and intracranial electrodes used at UCSF has been previously reported [ 181. Patients were considered to have nonlesional unilateral TLE based on the following criteria: ( I ) no lesion on diagnostic MRI, excluding evidence for mesial temporal sclerosis (MTS); (2) initial or delayed focal ictal TL patterns recorded with scalp-sphenoidal EEG [ 191, or mesial temporal seizure onset in patients requiring subdural or SEEG ictal recordings; (3) EEG recording of at least three spontaneous seizures and no independent contralateral seizure onsets; and (4) clinical features consistent with seizures of TL origin. Amobarbital (Wada) and neuropsychometric examinations were performed in all patients.
At UCSF, patients are selected for standard anteriormedial TL resection based on ictal electrophysiological localization. Imaging, psychometric, and Wada examinations are only used to provide outcome and neurological risk information to patients before they make a decision to proceed with surgery. Intraoperative electrocorticography and language mapping tailor the extent of resection minimally. Although we cannot exclude all bias that comes from information provided by imaging studies, our presurgical approach allows the best opportunity to assess neuroimaging lateralization in the typical patients who undergo anterior-medial TL resection.
Of the 36 patients screened for this study, 8 had foreign tissue lesions (including vascular malformations, glial tumors, hamartomas, and dysembryoplastic lesions) and were excluded from further consideration. Twenty-eight patients were defined as having nonlesional unilateral TLE. One patient was excluded because both MRSI and FDG-PET data sets were obscured severely by motion artifact. Two additional patients were excluded because they did not complete protocol examinations for either MRSI or HV. Ultimately, 25 patients (12 males and 13 females; age range, 14-56 years: mean, 38 years) were included. Because examination with T2 relaxometry did not begin at the start of this project, only 13 patients (6 males and 7 females; age range, 14-56 years; mean, 37 years) were studied with all four modalities.
Our standard temporal lobectomy procedure uses the subpial resection technique along with intraoperative electrocorticography and awake language mapping (language-dominant 
2-[18F]Fluoro-2-Deoxy-~-Glucose Positron Emission Tomography
PET scans were performed before implanted electrode recordings with a CTI/Siemens 961 HR EXACT scanner with full width half-maximum resolution of 3.5 mm in plane and 4.0 mm transaxially. A total of 47 slices were acquired simultaneously over a 15-cm field of view. Subjects were studied in a resting condition with eyes open and ears unoccluded in a dimly illuminated room. Emission data were accumulated 45 minutes after intravenous injection of approximately I O mCi FDG. Before obtaining emission data, a transmission scan was performed for attenuation correction. For visual interpretation, axial, coronal, and sagittal planes were reconstructed. 
Diagnostic Magnetic Resonance Imaging

T2 Rehometry
Thirteen of the 25 patients and 11 healthy controls ( 2 females and 8 males; age range, 23-56 years) had hippocampal T2 measured using a procedure similar to that reported b! Jackson and co-workers [21] and Grunewald and associate9 [22] . A multi-spin echo sequence (16 [ 7 ] . Nuclear magnetic resonance spectra were acquired from the hippocampus proper according to a previously reported method [7] . Quantitation of the metabolires was based on use of the unsuppressed water signal obrained in a second MRSI examination with otherwise identical measurement parameters. Details of MRSI after processing and the quantitation method have been previously reporred [23] .
Only voxels including hippocampal gray matter were selected for signal analysis of N-acetyl aspartate (NAA), creatine (Cr), and choline (Cho). The first two voxels from the anterior and posterior borders of the PRESS volume were avoided because the profile of the 180" selective pulse in this direction was suboptimal in these voxels. An average of five voxels (range from two to seven) was selected from each hippocampal region. Figure 1 shows an example of spectra obtained from single homotopic voxels within the hippocampus: the patient's coregistered FDG-PET is included for comparison.
Image Interpretation and Analysis
The PET images were interpreted for evidence of relative fo- 
Criteria for best lateralization (maximal percent concordance and minimal percent discordance with icral EEG) were determined for each modality. Mean values and standard deviations (SD) were calculated for right and left hippocampi of control subjects with each quantitative MR measure. Student's t test for unmatched pairs was used to test the differ- 
Fig 1. Proton magnetic resonance spectroscopic imaging spectra j-om right and le8 homotopic uoxels (one of five hippocampal voxels included f i r ana&s). Inset shows the uoxel locations oi? magnetic resonance imaging with coregistered 2-[J8F]fltroro-2-de~xy-o-
Results
Controk
No significant differences were present in control subjects between right and left hippocampi for any measure. (31%), and 1 with T 2 (8%).
Correlation with Outcome
The mean follow-up for the 24 patients who had surgery was 23 months (range, 18-31 months). Lateral- 
N A / ( C h o -f Cr). Note: Two patients, I without 2-[18F]floro-2-deoxy-~-
Discussion
Historically, FDG-PET has provided evidence of lateralized metabolic abnormality for nonlesional TLE patients. However, the role of FDG-PET in the presurgical evaluation among presently available advanced MR techniques is unclear. In particular, which imaging techniques reliably lateralize TLE in patients without MRI evidence of MTS is unanswered. [6] . The absence of en bloc hippocampal surgical specimens precludes correlating our PET and other imaging findings with quantitatively defined MTS. We recognize this as an important issue that must be addressed in future studies, to further understand the basis of multimodality imaging findings in true cryptogenic EEG-defined TLE.
MRI (DIAGNOSTIC AND HW. HV lateralized 2 additional patients compared with visual analysis of MRI, an improvement in lateralization of 8%, which is similar to that previously reported [2]. These results emphasize that clinically significant relative hippocampal atrophy is obvious on optimized images, ie, gradient echo or inversion recovery TI -weighted sequences that provide high resolution and good contrast in a wellaligned plane, orthogonal to the long axis of the hippocampus. Conversely, risk for false lateralization is present with subtle asymmetry and such data sets should not be interpreted to demonstrate relative hippocampal atrophy unless they are confirmed with whole hippocampal volume measurements using conservative lateralization criteria. T2 REWOMETRY.
T 2 relaxometry provided no additional lateralizing information to that of visual analysis or HV. The interpretation of results with T 2 is limited because the number of patients was small, However, it is still noteworthy that 2 patients with obvious atrophy had normal absolute T 2 values and that none of the 3 without atrophy had lateralized asymmetry or abnormal T 2 values. Similar results with T 2 relaxometry and HV were reported by Achten and co-workers [28] . Yet, a few rare patients with MTS have been reported who have prolonged hippocampal T 2 in the absence of hippocampal atrophy [29] . The value of T 2 remains for both clinical and research purposes because it is simple to perform, is highly reliable (low variance in normals), and can be performed in any ROI.
'H-MRSI. Our relatively low sensitivity with 'H-MRSI lateralization contrasts with the nearly 100% sensitivity reported in some earlier studies, including our own [7-9, Our method of averaging all voxels containing predominantly hippocampus to provide a single value is a potentially important limitation of our ' H-MRSI Iateralization analysis. Single large voxel techniques and summation of smaller voxels can dilute regional hippocampal abnormalities that may be lateralized. Further, our sampling excluded not only extrahippocampal TL regions, but also the most anterior extent of the hippocampus. It may be possible to improve the sensitivity of 'H-MRSI by improving spatial resolution, using MRI-based tissue segmentation, and sampling the entire TL. These issues are presently being addressed with higher field strength scanners [8] and development of multislice and fat-suppression ' H-MRSI techniques [32] .
Comparison of Lateralization
The most important finding from our data was the lateralized abnormality, detected by FDG-PET and 'H-MRSI in the absence of H V and other MRI evidence for MTS, including T2 relaxometry. -Our results comparing FDG-PET with H V replicate independently those phlished by Gaillard and colleagues [6] . These results, along with the finding that false lateralizations with FDG-PET are extremely rare in TLE [ 1, 331, indicate that FDG-PET can be used to confirm lateralization when other imaging or clinical findings are equivocal.
Using 'H-MRSI lateralization data together with H V yielded a total MR lateralization sensitivity comparable with that of FDG-PET. As a result, addition of 'H-MRSI to presurgical MR protocols should add lateralizing data above that of only MRI and eliminate the need for a PET study in additional patients with cryptogenic TLE.
Detection of Bilateral Abnormalities
One reason that 'H-MRSI lateralization may be limited is its relatively high sensitivity in the detection of bilateral abnormalities. Because decreases in 'H-MRSI measures were often found on the contralateral side, these reductions diminished the asymmetry resulting from ipsilateral reductions. Even with a strict definition of abnormality, the detection of bilaterally abnormal 'H-MRSI was twice that of HV.
The significance of bilateral abnormalities detected with 'H-MRSI in patients with unilateral epilepsy is not known. It may be hypothesized that bilaterally abnormal NAA measures reflect the detection of bilateral hippocampal sclerosis, a diagnosis present in 18 to 54% of epilepsy patients with classic hippocampal sclerosis on at least one side [34] . This hypothesis is based on the finding that NAA is almost exclusively found in neurons. Because hippocampal sclerosis is defined by neuron loss, it is presumed to be related to the concentration of NAA measured with 'H-MRSI. Our results demonstrate that NAA measures can be normal in atrophic hippocampi as well as abnormal in normal volume hippocampi (whether ipsilateral or contralateral to ictal EEG). This suggests measurement of NAA does not simply reflect neuronal loss. One possible explanation is that repeated seizure activity impairs mitochondrial metabolism in the neurons of either hippocampi, resulting in diminished NAA concentration [35] . We conclude chat the temptation to attribute detection of bilaterally low NAA measures as evidence for hippocampal sclerosis (unilateral or bilateral) should be avoided until the basic pathophysiological cause of NAA abnormalities is better understood.
Correlation with Outcome
The ultimate potential clinical value for detection of lateralized and bilateral abnormalities with neuroimaging is prediction of surgical outcome. In our population, lateralized hippocampal atrophy was strongly correlated with seizure-free outcome (class I), and relative focal TL hypometabolism with FDG-PET correlated with a good outcome (classes I and 11). These results for MRI and FDG-PET are consistent with previous studies [5, [36] [37] [38] . T 2 relaxometry also correlated with good outcome, but it appears to only reflect detection of the same patients as HV. These data support our experience that EEG concordant hippocampal atrophy is the single best predictor for surgical outcome in TLE, and it should be weighted above all other imaging findings with respect to clinical lateralization. Although the number was small, one important finding was revealed in our subgroup of patients with presumed cryptogenic TLE. Two patients had a class IV outcome and both had nonlateralized PET and 1 had severely discordant [NAA] . These results should raise serious concern about lateralization based only on extracranial recordings. In such patients we recommend, regardless of focal scalp ictal EEG, further evaluation to include intracranial ictal recordings.
Our 'H-MRSI lateralization was not correlated with outcome. One reason for this may have been that 2 patients with a class I outcome had bilaterally abnor- Despite some limitations, our results do provide data for recommendations regarding the selective use of FDG-PET in presurgical evaluation of patients with EEG-defined TLE. For patients with hippocampal atrophy, PET provides essentially no new lateralization or outcome information. In patients without hippocampal atrophy, 'H-MRSI provides lateralization nearly equivalent to PET. For patients with hippocampal atrophy discordant to ictal scalp EEG, we recommend PET and SEEG recording. Use of 'H-MRSI lateralization to resolve discordance between ictal EEG and established imaging methods should wait until the issue af potential false lateralization is further investigated. 
